The goal of this study was to investigate lac tate and pH distributions in subacutely and chronically infarcted human brains. Magnetic resonance spectro scopic imaging (MRSI) was used to map spatial distribu tions of IH and 3 1 p metabolites in 11 nonhemorrhagic subacute to chronic cerebral infarction patients and 11 controls. All six infarcts containing lactate were alkalotic (pHi = 7.20 ± 0.04 vs. 7.05 ± 0.01 contralateral, p < 0.01). This finding of elevated lactate and alkalosis in chronic infarctions does not support the presence of chronic ischemia; however, it is consistent with the pres ence of phagocytic cells, gliosis, altered buffering mech-Brain cell metabolism depends on the blood sup ply of glucose and oxygen substrates. When blood supply to the brain becomes inadequate, anaerobic glycolysis of limited glucose stores produces lactic acidosis, which damages vascular endothelium, glia, and especially neurons (Plum, 1983; Kelly, 1985) .
Summary:
The goal of this study was to investigate lac tate and pH distributions in subacutely and chronically infarcted human brains. Magnetic resonance spectro scopic imaging (MRSI) was used to map spatial distribu tions of IH and 3 1 p metabolites in 11 nonhemorrhagic subacute to chronic cerebral infarction patients and 11 controls. All six infarcts containing lactate were alkalotic (pHi = 7.20 ± 0.04 vs. 7.05 ± 0.01 contralateral, p < 0.01). This finding of elevated lactate and alkalosis in chronic infarctions does not support the presence of chronic ischemia; however, it is consistent with the pres ence of phagocytic cells, gliosis, altered buffering mech-Brain cell metabolism depends on the blood sup ply of glucose and oxygen substrates. When blood supply to the brain becomes inadequate, anaerobic glycolysis of limited glucose stores produces lactic acidosis, which damages vascular endothelium, glia, and especially neurons (Plum, 1983; Kelly, 1985) .
Previous l H magnetic resonance spectroscopy (MRS) studies have detected decreased N-acetyl anisms, and/or luxury perfusion. TotallH and 3 1 p metab olites were markedly reduced (about 50% on average) in subacute and chronic brain infarctions (p < 0.01), and N-acetyl aspartate (NAA) was reduced more (-75%) than other metabolites (p < 0.01). Because NAA is local ized in neurons, selective NAA reduction is consistent with pathological findings of a greater loss of neurons than glial cells in chronic infarctions. Key Words: Brain infarction-Lactate-Alkalosis-Magnetic resonance spectroscopic imaging-Phosphorus metabolism Hydrogen metabolism. aspartate (NAA) and elevated lactate in chronic hu man brain infarcts (Berkelbach et aI., 1988; Bruhn et aI., 1989; Howseman et aI., 1990; Duijn et aI., 1992) . NAA appears to be a specific neuron marker (Nadler and Cooper, 1972; Birken and Oldendorf, 1989; Gill et aI., 1989) . Persistent ischemia would be expected to produce elevated lactate and decreased pHj (i.e., lactic acidosis), as observed in acute in farcts (Chang et aI., 1990) . However, alkalosis was detected in some chronic infarcts by 31p MRS stud ies (Levine et aI., 1988; Nakada et aI., 1991; Sap pey-Marinier et aI., 1992; Hugg et aI., 1992) . There fore, the goal of this study was to investigate lactate and pH j distributions in subacutely and chronically infarcted human brains.
Magnetic resonance spectroscopic imaging (MRSI) using phase encoding (Kumar et aI., 1975; Brown et aI., 1982; Maudsley et aI., 1983) has an important advantage over MRS volume-selection localization techniques: MRSI simultaneously ob tains spectra from multiple regions. Recently, sev-eral investigators have demonstrated the clinical feasibility of IH and 31p MRSI (Twieg et aI., 1989; Segebarth et aI., 1990; Menon et aI., 1990; Mauds ley et aI., 1990; Vigneron et aI., 1990; Hugg et aI., 1992; Duijn et aI., 1992) . In the present studies MRS I was used to map spatial distributions of IH and 31p metabolites in cerebral infarction patients. Spatial correlations of lactate and pHi were used to investigate the possibility that elevated lactate and alkalosis are spatially coincident in chronic infarc tions.
METHODS

Human subjects
Twenty-two subjects were studied: 11 patients with nonhemorrhagic subacute to chronic (5 days to 2 years) cerebral infarction (five men, six women, ages 54 to 83 yr) and 11 normal controls (five men, six women, ages 26 to 54 yr). Eight of the 11 patients overlap another report (Duijn et al., 1992) limited to IH MRSI results. None of the controls overlap. Patients were referred from Letter man Army Hospital and the Department of Veterans Af fairs Medical Center, San Francisco. Study protocols were approved by the University of California at San Francisco Human Research Committee, and written in formed consent was obtained prior to each study.
MRI p rotocol
The magnetic resonance imaging (MRI) and MRSI studies were conducted with a Gyroscan S15 whole-body imaging and spectroscopy system (Philips Medical Sys tems, Shelton CT) operated at 2 T. Proton MR images of the head were first obtained: 7 sagittal locator slices (7 mm thick, 1.4 mm gap, TR = 450 ms, TE = 30 ms) and 18 oblique transaxial slices (5 mm thick, 1 mm gap, TR = 2000 ms, TE = 30 and 90 ms). These trans axial slices were . obliquely angulated 200 supraorbitally beyond the orbital auditory meatal (OAM) plane observed on the sagittal locator slices, giving a consistent anatomical perspective and facilitating comparisons between patients and con trols. The angulation also diminished contamination of IH spectra by lipid in the orbital muscles.
I H MRSI study p rotocol
For the IH MRSI studies, standard Philips spectros copy acquisition software and a saddle-type imaging headcoil were employed (Duijn et aI., 1992) . Using the MR images to prepare for the 1 H MRSI study, a 2-cm thick angulated slab volume of interest (VOl) was se lected to encompass as much as possible of the infarct region and to avoid lipid in the skull and scalp. Typical VOl dimensions were 10 x 10 (transaxial plane) x 2 cm.
The optimal radiofrequency (RF) pulse amplitude for 1 H MRSI was determined by minimizing the water signal im mediately following the second refocusing pulse in the double spin-echo sequence. The Bo magnetic field was then shimmed (nonlocalized) using the 1 H imaging saddle coil to a water resonance linewidth of less than 15 Hz (0.17 ppm at 86 MHz).
The double spin-echo (PRESS) sequence (Ordidge et al., 1985; Bottomley, 1987) was used for VOl localization in combination with water suppression and 2D gradient phase-encoding MRS I (Segebarth et aI., 1990) . The VOl localization sequence employed amplitude-modulated RF pulses in combination with slice selection gradients. Gra dient spoiler pulses flanking the two 1800 refocusing pulses were applied to reduce spurious transverse mag netization created by these pulses. The echo was sampled with a I-kHz bandwidth beginning shortly after the last gradient pulse with 21% (108 ms) of the 512-ms sampling interval occurring before the echo center at TE = 272 ms.
The double spin-echo sequence was executed without water suppression for adjustment of the gradient spoiler pulses ("gradient tuning") to maximize the water echo signal. Localized Bo shimming was next performed, typ ically reSUlting in a water resonance linewidth of 6 Hz (0.07 ppm) or less.
Two water-eliminated Fourier transform (WEFT) wa ter suppression pulses (Patt and Sykes, 1972) preceded the start of the VOl localization sequence with delay times 1 1 and 1 2 which empirically minimized longitudinal water magnetization. The pulses were frequency selective adiabatic inversion pulses with 50-Hz band width centered on the water resonance. Gradient spoiler pulses dispersed spurious transverse magnetization ex cited by imperfect longitudinal inversion. The double WEFT sequence was found to be more effective for sup pressing the water resonance than a single WEFT se quence, presumably because the tissue water T I relation was not a single exponential. Typically, 1 1 = 800 ms (ranging from 750 to 830 ms in various subjects) and 1 2 = 50 ms were used with a repetition time T R = 2 s.
Finally, a 2D IH MRSI study was performed using 16 x 16 gradient phase-encoding steps over a field of view (FOV) just encompassing the skull, typically (18 cm) 2 . The phase-encoding gradients were applied between the 900 excitation pulse and the first 1800 refocusing pulse of the double spin-echo sequence. Four acquisitions were averaged for each phase-encoding step with phase-cycled excitation pulses. Total acquisition time was 34 min.
31p MRSI study protocol
Following the 1 H MRSI study, the subject was re moved from the magnet bore and allowed to rest about 10 min while the 3 1 p MRSI study was prepared. For accurate repositioning of the subject's head, a vacuum-assisted head holder, padded straps, and fiducial markings (fore head and temple on paper tape) using the Gyroscan laser alignment system were employed. A 3-ml external regis tration sample of methylene diphosphonic acid (MDPA, Sigma Chemical Co., St. Louis MO) was usually affixed to the subject's forehead or temple. This sample appeared on one slice in both IH MR images and 31p MRS images.
Custom acquisition software was written to perform the 31p MRS I studies (Hugg et aI., 1992 ). An inductively coupled high-pass birdcage head coil with a Faraday shield and RF mirror was constructed and operated in a quadrature BI polarization mode . The coil provided homogeneous RF excitation and detection with good sensitivity and homogeneity. The RF pulse length for 31p MRSI was determined by observing the signal from a 3 ml sample of hexamethylphosphoro triamide (HMPT, Sigma) placed at the vertex of the head on the birdcage coil axis. The 3D 31p MRS I study was performed with 12 x 12 x 12 gradient phase-encoding steps and a short T E spin-echo acquisition . The same angulation was used as in the pre-ceding MRI and IH MRSI studies. The bipolar phase encoding gradient pulses (1 ms duration, triangular, max imum strength 1.2 mT/m) were positioned symmetrically about the 1800 RF refocusing pulse. The signal was sam pled beginning with the echo center (TE = 3.5 ms).
To optimize signal collection efficiency, partial-tip an gle RF excitation and rapid pulse sequence repetition were used (Becker et aI., 1979 ). An average TI = 1.9 s was assumed for tissue phosphocreatine (PCr) and inor ganic phosphate (PJ (Hubesch et aI., 1990) . For TR = 350 ms, the optimal partial-tip angle for FID acquisition would be Ct = 340 (Ernst et aI., 1987) . The pulse sequence employed an excitation pulse angle of 1800 -Ct = 1460 with a single 1800-refocusing pulse, resulting in an effec tive partial-tip angle of Ct = 340 (Hugg et ai., 1992) .
The 180°-pulse lengths were short enough (typically 0%250 Jks) that off-resonance attenuation of signal was measured to be less than 10% at the phosphomonoester (PME) and P-ATP resonances. The carrier frequency was set at -5.0 ppm (oPCr = 0 ppm reference), about mid way between -y-ATP and Ct-ATP, and thus about midway between the outer spectral limits of interest at PME (6.4 ppm) and P-ATP (-16.4 ppm). Four acquisitions were averaged for each phase-encoding step with phase-cycled refocusing pulses. Total acquisition time was 40 min.
MRSI processing and display
MRS images were reconstructed (Maudsley et aI., 1992) using Fourier transforms with apodization and zero filling to 32 x 32 interpolated voxels in one eH, 2 cm thick) or 16 elp, 1.7 cm thick) interpolated transaxial planes. The nominal in-plane resolution before spatial fil tering was 1.125 cm eH) or 2.25 cm elp) and the nominal voxel size was 2.5 cm3 eH) or II cm3 elp). Mild gaussian spatial smoothing produced an effective in-plane resolu tion of about 1.4 cm CH) or 2.9 cm elp) and an effective voxel size of about 3.9 cm3 eH) or 25 cm3 elp). The MRS images were linearly interpolated to 64 x 64 voxels for display. Spectral line broadening of I Hz eH) or 15 Hz elp) was used. For 3lp spectra a 150-Hz convolution dif ference filter was used to remove broad spectral signal from less mobile metabolites.
Total metabolite images were generated by total spec tral integration during reconstruction. Additional images of individual metabolites were produced during interac tive display and analysis by spectral integration over in dividual resonances. Because some of the 3lp spectral lines partially overlapped, completely separated metabo lite maps of the overlapping resonances were not derived. Metabolite maps were scaled individually for display. The display software (Maudsley et aI., 1992) provided for si multaneous display and spatial registration of the MR and metabolite images. Regions for spectral examination were selected by mouse control of a cursor on either MR or metabolite images.
To register the anatomical location of metabolite dis-tributions in MRS images, these images were often over laid by a high-pass filtered T 2 -weighted proton MR image, which delineated high-contrast tissue edges, such as ven tricles, sulci, skull, and infarction region ( Fig. Ib, c , and d).
Spectral fitting
Individual IH or 31p spectra selected from the full MRSI study data sets were fit by a least squares method (NMR I program, New Methods Research, Syracuse NY). Spectra were interpolated by zero-filling and Fou rier transformation to a digital resolution of 0.5 Hz/point eH) or 3 Hz/point elp). For I H spectra, choline (Cho), creatine + phosphocreatine (Cr), N-acetyl aspartate (NAA), and lactate (Lac) peaks were identified by their chemical shifts . For 31p spectra, phosphomonoesters (PME), inorganic phosphate (PJ, phosphodiesters (PDE), phosphocreatine (PCr), and three phosphorus resonances of adenosine triphosphate (-y-, Ct-, and P-ATP) were identified (Hubesch et aI., 1990) .
Proton magnitUde spectra were fit, with lactate being fit by a doublet with 7-Hz splitting. Initially, spectra were fit with lorentzian, then gaussian lineshapes for comparison. The gaussian lineshapes fit better and were therefore used to determine chemical shifts and metabolite peak inte grals. Intracellular pHj was derived from the curve-fitted chemical shift oPj referenced to oPCr = 0 ppm (Petroff et aI., 1985a) .
Peak integrals of spectra from infarct and contralateral reference regions were used to determine metabolite ra tios. The infarct region was identified from the higher spatial resolution proton MR images. The reference spec tra were extracted from the homologous region of the contralateral hemisphere. In recognition of the spatial point-spread function, VOl chemical-shift artifact eH MRSI), and to minimize contamination by other tissues (partial-volume effects), spectra were extracted from re gions well inside the selected tissue type and away from the edges of the lH VOL Although eight patients were common to this combined IH and 31p MRSI study and another report limited to lH MRS I results (Duijn et ai., 1992) , the selection and fitting of IH spectra were inde pendent in the two studies. The spectra in this study were not quantitated to estimate molar concentrations. A quan titation method for 31p MRSI has subsequently been de veloped (Matson et al., 1991) , and a quantitation method for IH MRSI is under development. Statistical compari son of infarcted, contralateral, and control regions was performed with I-tests corrected for multiple compari sons, where p < 0.05 was considered significant.
RESULTS
Total l H and 3 l p metabolite images of all controls were relatively uniform throughout the brain paren chyma with bilateral symmetry. Marked deviations from uniform bilateral symmetry were seen only in the infarction patients. Metabolite patterns (mol %, described below) for controls are listed in Table 2 . Table 1 lists the patients by age, sex, infarct age, size, and location of infarct region as measured on T2-weighted MR images. The patient list is divided into two groups: six small to medium-sized primar ily deep white matter infarcts and five large middle cerebral artery (MCA) territory infarcts with corti cal involvement. Also indicated is the presence of elevated lactate detected by 1 H MRS I within the infarction and/or the peri ventricular region. All five large MCA infarcts contained elevated lactate in both the infarcted and peri ventricular regions. One small subacute (5 days) infarct in the internal cap sUle/putamen region also contained elevated lac tate. All other small to medium white matter in farcts contained elevated lactate in the periventric ular region only.
The MRSI study of a 76-year-old woman with a 2-year-old right MCA territory infarction is illus trated in Fig. 1 . The T2-weighted MR image shown in Fig. 1a is characterized by the hyperintense in farction region in the right parietal lobe and an en larged right ventricle. The blue box within the brain parenchyma outlines the 10 x 9 x 2 cm3 VOl se lected for IH MRSI. The NAA metabolite map is shown in Fig. 1b with a high-pass filtered MR image superposed in red. Hypointense signal corresponds to CSF in the ventricles and to the infarcted region. Some lipid contamination is localized along the skull. Two single effective voxels (4 cc each) were selected for spectral analysis in the right parietal infarct and in the left homologous contralateral re gion. The lactate ( + lipid) metabolite map is shown in Fig. 1c . The color scale was adjusted to highlight the relatively weak lactate signals in the presence of the intense lipid signal contamination around the skull. Lactate was observed in the infarct and in the J Cereb Blood Flow Metab, Vol. 12, No.5, 1992 periventricular region. The total 31p metabolite map is shown in Fig. Id . Two single effective voxels (25 cc each) were selected for spectral analysis. The two selected IH spectra are shown in Fig. Ie, where the infarcted region spectrum shows greatly dimin ished choline, creatine, and NAA, as well as in creased lactate compared to the contralateral region spectrum. The two selected 31p spectra are shown in Fig. If, where the infarcted region spectrum shows greatly diminished phosphorus metabolites, as well as an alkaline (leftward) shift of the Pj peak compared to the contralateral region spectrum.
The normalized 31p and IH MRSI metabolite ra tios for all patients are listed in the second column of Table 2 . The ratio of the infarct peak integral divided by the contralateral peak integral is given for each metabolite. All metabolite signals (except Pj) were significantly reduced (p < 0.01) in the in farcts compared to contralateral reference regions. The reduction of NAA in the infarcts was signifi cantly greater than the reductions of total phospho rus, choline, or creatine (p < 0.01). The last three columns list the metabolite patterns (i.e., the distri bution of 31p or IH among the various metabolites = each metaboliteP1Ptot or IHtot, sometimes called "mol %") in the infarcted regions, contralateral re gions, and matched regions of the controls. There was no significant difference in phosphorus metab olite patterns between infarcted, contralateral, and control regions. There was a significant difference (p < 0.01) in IH metabolite patterns between inf arcted and contralateral regions. Infarcts had more choline and less NAA as a fraction of total proton metabolites. There was no significant IH metabolite pattern difference· between the patient contralateral regions and the controls.
The intracellular pH (pHj) measured by 31p MRSI in infarcts is shown as a function of infarct age in Fig. 2 , including nine previously published mea- The intracellular pHj measured by 31p MRSI in infarcted regions, contralateral regions, and con trols is shown in Fig. 3 . The first grouping of six patients (five large MCA territory infarcts and one small subacute infarct) had elevated lactate within the infarct. All six had higher pHj (p = 0.01) within the infarcted regions (7.20 ± 0.04) than in the ho mologous contralateral regions (7.05 ± 0.02). The second grouping of five patients (small to medium deep white matter infarcts) had no elevated lactate in the infarct. No significant mean difference was found in the second group infarcted regions (pH j = 6.98 ± 0.04) compared to the homologous contra lateral regions (7.03 ± 0.04). Control pHj = 7.01 ± 0.02 (n = 11) is represented by a dashed line and datum.
DISCUSSION
The major finding of this study was that all six subacute or chronic infarcts containing lactate were alkalotic. Other findings confirmed previous reports (Sappey-Marinier et ai., 1992; Duijn et ai., 1992) : IH and 31p metabolites were markedly reduced in sub acute and chronic brain infarctions, and NAA was reduced more than other metabolites.
Elevated lactate and alkalosis
Six patients had elevated lactate within the in farct and 10 patients had elevated lactate in the periventricular region. This finding substantiates previous reports which suggested that lactate con centrations may be elevated within or adjacent to subacute-to-chronic infarcts (Ott et ai., 1990; Gra ham et ai., 1991; Duijn et ai., 1992) . There are sev eral possible explanations for the chronically ele vated lactate.
One possibility is that the lactate is a stagnant pool produced during the acute phase of infarction. However, this is unlikely because lactate was present as long as two years postinfarction, and positron emission tomography (PET) studies have shown perfusion exceeding metabolic needs (Le., luxury perfusion; Syrota et ai., 1985; Senda et ai., 1989) in chronic infarction regions. Furthermore, one IH MRS study of a 32-day-old infarction using labelled 13 C-glucose demonstrated continuing gly colytic lactate synthesis rather than simple locula tion of a stagnant pool (Rothman et ai., 1991) .
A second possibility is that increased lactate re sults from continuing ischemia in the border zone of the infarction (ie., an ischemic penumbra; Hakim, 1987) . However, none of the eleven patients had increased lactate exclusively in the border zone of the infarct; no lactate "halo" was observed. Lac tate was found throughout the infarcted region and/ or within the periventricular region. If lactate is pro duced by viable, yet persistently ischemic tissue, then ischemia, which stimulates the anaerobic pro duction of lactic acid from glucose, would be ex pected to produce lactic acidosis. The finding that all six subacute to chronic infarcts containing ele vated lactate were alkalotic (Fig. 3) is inconsistent with the hypothesis of persistent ischemia. This finding of elevated lactate and alkalosis supports the PET finding that ischemia does not persist in subacute-to-chronic infarctions (Hakim, 1987) .
A third possibility is that tissue alkalosis en hances glycolysis and lactate production (Vi, 1966) . 7.4 7.2 pH 7.0 6.8 Anaerobic metabolism of glucose to pyruvate gen erates NADH, which shifts the cytosolic redox state, causing increased lactate production from py ruvate by lactate dehydrogenase. The major regu lator of glycolysis is phosphofructokinase, which has an alkaline pHi optimum (Kemp and Foe, 1983; Uyeda, 1979) . Thus lactate production is stimulated by alkalosis. Brain lactate is elevated by the alkalosis produced during hypocapnia in animals (Kjallquist et aI., 1969; Petroff et aI., 1985b) and humans (van Ryen et aI., 1989) . Furthermore, hy perventilation of both animals (Raichle et aI., 1970) and humans (van Nimmen et aI., 1986) leads to respiratory alkalosis and increases brain glucose consumption and lactate production while O2 con sumption does not change. Thus, it is possible that persistent lactate is a secondary consequence of persistent alkalosis. The finding of acidosis in subacute (5-7 days) in farctions and alkalosis in chronic (10 + days) infarc tions (Fig. 2) is consistent with previous reports of pHi "flip-flop" and "rebound" alkalosis in isch emic brain injury (Syrota et aI., 1985; Hakim, 1986; Levine et aI., 1988; Senda et aI., 1989; Chopp et ai. , 1990a,b; Nakada et aI., 1991) . The cross-over from acute acidosis to chronic alkalosis has been ob served most frequently in humans between the 3rd and 9th days postinfarction by serial 31p MRS stud ies. Persistent alkalosis has been observed in chronic human brain infarction using a single volume 31p MRS technique (Sappey-Marinier et aI., 1992) .
There are several possible explanations for chronic alkalosis. One possibility is that alkalosis is associated with CSF contributions. The infarcted region atrophies, resulting in ecephalomalacia or CSF-filled cyst formation with compensatory dila tation of nearby CSF spaces (Hachinski and Norris, 1985) . The extracellular pH (pHe) of CSF is higher than normal brain by 0.3 to 0.4 pH unit, but the CSF J Cereb Blood Flow Metab. Vol. 12. No. 5. 1992 concentration of phosphate is normally low (0.2 mM) (Siegel et aI., 1989) and Pi is not detected in vivo in CSF above noise levels by 31p MRS. If a significant portion of the Pi detected in the infarct regions is a remanant from the ischemic insult and subsequent necrosis of the affected cells, then one component of the measured pH might be associated with the extracellular CSF-filled infarct cyst rather than representing purely intracellular pHi' The con centration of extracellular Pi is unknown in chronic infarcts. However, no significant splitting of the Pi resonance was observed in this study, so it is un likely that a large amount of extracellular Pi (with pHe different from pH) is present in chronic in farcts.
A second possibility is that alkalosis may be as sociated with the presence of phagocytes. Necrotic brain tissue containing inflammatory cells has been associated with alkalosis (Chopp et aI., 1990b) . Phagocytic cells (Kelly, 1985; Newsholme and Newsholme, 1989 ) have a high rate of anaerobic glycolysis (Karnovsky, 1962) leading to elevated lactate. Brain macrophages (microglia, astrocytes, and leucocytes) appear about 1 to 3 days after in farction and slowly disappear over many months (Garcia and Kamijyo, 1974) . This lactate source is consistent with a case report of decreased NAAand increased lactate in lO-and 15-day-old infarcts, fol lowed by patient death and autopsy 7 days later (Petroff et aI., 1991) . Histopathology showed pre dominantly foamy macrophages with few other cells throughout the infarction core regions, blend ing into border zones of reactive astrocytes with a scattering of ischemically necrotic neurons. There fore, it is possible that phagocytes are responsible for alkalosis.
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. � regions, contralateral regions, and controls. The first group ing shows six patients with lactate detected within the in farct. All six had higher pHI (P = 0.01) within the infarcted regions (7.20 ± 0.04) than in the homologous contralateral regions (pH; = 7.05 ± 0.02). The second grouping shows five patients without lactate in the infarct. No significant differ ence was found in the infarcted regions (pH; = 6.98 ± 0.04) compared to the homologous contralateral regions (pH; = 7.03 ± 0.04). Control pH; = 7.01 ± 0.02 is represented by a dashed line and datum.
A third possible cause of alkalosis is that glial cells proliferate to replace lost neurons in chroni cally infarcted regions (Hachinski and Norris, 1985) . Astrocytes in normal brain have not been characterized by significantly elevated pHi' How ever, alkalosis may be associated with the stimula tion of glial cell growth. Growth factor increases pHi in fibroblasts (Schuldiner and Rozengurt, 1982) . Increased intracellular brain pHi has been reported in glial tumors (Hubesch et aI., 1990) and in mesial sclerosis which characterizes epileptogenic foci (Laxer et aI., 1992) .
A fourth possible mechanism for postinfarction cerebral alkalosis is altered pHi maintenance mech anisms in the remaining viable cells. All vertebrate cells, including neurons and glia, contain aNa + IH + antiporter system (Krulwich, 1983; Aronson, 1985) . Ischemia and associated acute lactic acidosis could cause an adaptive increase in brain buffering by the Na + IH + antiporter in remaining viable cells, simi lar to that observed in other tissue (Cohen et aI., 1983; Adler et aI., 1990; Raley-Susman et aI., 1991) , causing chronic infarctions to be more alkaline. In some cells Na + influx and growth factor stimulate the N a + IH + antiporter to increase pHi (Lagarde and Pouyssegur, 1986; Sardet et aI., 1990 ). Thus, it is possible that altered buffering mechanisms may also contribute to alkalosis.
A fifth possible mechanism for postinfarction al kalosis has been suggested by PET studies (Syrota et aI., 1985; Hakim et aI., 1987; Senda et aI., 1989) in which a significant pHi increase in subacute-to chronic infarcts correlated with a reduced oxygen extraction fraction and blood perfusion exceeding metabolic demand (i.e., luxury perfusion), causing alkalosis by removing excess CO2 (Fox et aI., 1988) . Although luxury perfusion and resultant alkalosis have been demonstrated in subacute and early chronic infarctions, it is not known how long luxury perfusion persists. If local luxury perfusion persists in chronic infarctions, then it possibly may contrib ute to alkalosis and the stimulation of glycolytic lac tate synthesis.
Metabolite loss
The deficit of proton and phosphorus metabolite signals (Table 2) is consistent with pathological findings that brain infarction is associated with gli osis and a marked decrease of cellular density (Gar cia and Kamijyo, 1974; Hachinski and Norris, 1985) . The reduction of metabolite signals is also consistent with previous studies using IH and 31p MRS techniques (Welch et aI., 1985; Bottomley et aI., 1986; Brant-Zawadzki et aI., 1987; Levine et aI., 1988; Berkelbach et aI., 1988; Hubesch et aI., 1989; Weiner et aI., 1989; Houkin et aI., 1989; Bruhn et aI., 1989; Sappey-Marinier et aI., 1992; Hugg et aI., 1992; Duijn et aI., 1992) .
Selective NAA loss
Evidence suggests that NAA is specifically local ized in neuronal cytosol (Nadler and Cooper, 1972; Birken and Oldendorf, 1989; Petroff et aI., 1989) , whereas choline and creatine are found in both neu rons and glia (Gill et aI., 1989) . The finding (Table 2) that NAA was reduced more (about 75% average) than all other metabolites (about 50% on average) is consistent with pathological findings of a greater loss of neurons than glial cells within infarctions (Garcia and Kamijyo, 1974; Hachinski and Norris, 1985) . The lack of significant difference between mean phosphorus metabolite patterns (mol %) in infarcted, contralateral, and control regions sug gests that the phosphorus metabolite patterns for neurons, glia, and macrophages are quite similar, because the cell population has substantially changed. The significantly greater choline fraction in infarcts may reflect the presence of macrophages in the infarcted region, because they contain choline but little, if any, NAA or creatine (Petroff et aI., 1991) . Another possibility is that increased choline may reflect altered phospholipid metabo lism, because mobile choline (NMR observable) can be released through catabolism of phospholipid membranes.
Limitations of MRSI
Low SIN and limited spatial resolution. The low sensitivity of 31p MRS and the low concentrations of 31p metabolites limit the spatial resolution of 31p MRS!. Even at the relatively low spatial resolution (2.9 cm in-plane) used in these studies, single effec tive voxel (25 cc) SIN was low (8 to 12 for PCr). The point-spread function is inherently broad with ring ing tails because of the low number of phase encod ings. Therefore, mild spatial filtering was applied during MRSI reconstruction to reduce ringing and intervoxel contamination significantly, while only moderately degrading the spatial resolution. Lac tate detected in the periventricular region, for ex ample, could have been located in peri ventricular brain tissue and/or in the CSF of the ventricles. For the medium (2 to 4 cm maximum diameter) to large (>4 cm) infarctions, there was close correspon dence in total metabolite reduction measured by 31p MRSI and the higher spatial-resolution IH MRS!. Thus, when the infarction was larger than the spa tial resolution, a relatively uncontaminated mea surement could be made by selecting an effective voxel wholly within the infarcted region. Only for the two small «2 cm) infarctions did the 31p MRS I measurement significantly underestimate total phosphorus metabolite reduction because of partial volume contribution from surrounding viable tis sue.
Water/lipid contamination. A major difficulty with in vivo 1 H MRS studies is the presence of in tense resonances of water and lipid which interfere with the metabolite resonances of interest. Al though our acquisition method suppressed most of these unwanted signals, often some water and lipid signal contamination remained, especially in spec tra from regions close to the skull. In a "lactate + lipid" image ( Fig. lc) , spectra within the VOl usu ally showed the characteristic lactate doublet with 7 Hz splitting at 1.3 ppm (Fig. Ie) , but spectra around the skull outside the VOl showed a much broader signal characteristic of lipid (from about 1.0 to 2.5 ppm).
Eddy currents. During switching of Bo magnetic field gradients, eddy currents are induced in the conductive parts of the magnet, creating serious ef fects for IH MRSI (Duijn et aI., 1992) . Because eddy currents produce spatially variable phase dis tortion, 1 H magnitude spectra were used. Gradient tuning (see Methods) was used to minimize dy namic interference of eddy currents with shimming. B1 inhomogeneity. Total IH and 31p metabolite images of all controls were relatively uniform throughout brain parenchyma with bilateral symme try. Marked deviations from uniform bilateral sym metry were seen only in the infarction patients. The 31p birdcage resonator B I field was quite homoge neous, but the IH saddle-type imaging coil had sig nificant B 1 field inhomogeneities which degraded the water suppression, VOl slice profiles, and the sensitivity of signal reception. Improvements will be made by constructing a 1 H birdcage resonator.
Chemical shift artifact. The VOl positions (but not the MRS I voxel positions) were offset spatially for the various IH metabolites due to the well known chemical shift artifact. Therefore, we se lected no spectra near the VOl edges.
CONCLUSION
These findings suggest no evidence of chronic ischemia; however, elevated lactate and alkalosis in chronic infarctions is consistent with the presence of phagocytic cells, gliosis, altered buffering mech anisms, and/or luxury perfusion. IH and 31p MRS I metabolite images provide information beyond that obtained by MRI, suggesting that MRSI has consid erable potential clinical value, especially for ther apy and prognosis of acute brain infarctions.
